ABSTRACT
Monoclonal antibodies have many applications in protein chemistry and biochemistry which include structural studies, purification, antigenic mapping, evolutionary biology, demonstration of isozymes, and immunocytochemical localization (for review, see Ref. 30) . Indeed, monoclonal antibodies have been useful in characterizing several plant proteins including 5-aminolevulinate dehydratase (18) , an auxin transport carrier (14) , nitrate reductase (6) , and phytochrome (9, 10, 24) .
Only one report of monoclonal antibodies prepared against nodule plant proteins exists in the literature. To monoclonal antibodies against a glycoprotein present in the peribacteroid membrane and found that these antibodies also cross-reacted with plant plasma membranes as well as the Golgi apparatus. The function and identity of this antigen is unknown.
This manuscript describes the production and characterization of monoclonal antibodies against soybean nodule xanthine dehydrogenase, an enzyme involved in ureide synthesis (27) . The ureides, allantoin and allantoic acid, represent the major transport form of fixed nitrogen from the nodule to the above-ground parts of soybean plants (21, 25) . XDH2, which catalyzes the hydroxylations of hypoxanthine and xanthine, has been purified to homogeneity from soybean nodules and its immunochemical properties have been examined (3, 26, 28) . The enzyme is an NAD+-dependent, molybdoironflavoprotein and is present largely, if not exclusively, in the infected cells ofsoybean nodules (26, 28) . This is the first report of monoclonal antibodies prepared against a plant enzyme involved in purine metabolism and a nodule protein of known function. Monoclonal antibodies have been produced against a homologous enzyme in animals, buttermilk xanthine oxidase (20) . Polyclonal antibodies against soybean nodule XDH have been produced which do not cross react with the animal enzyme (26) .
Uricase is the only enzyme of nodule ureide synthesis against which polyclonal antibodies have been made (2) . These antibodies were used to demonstrate the nodule-specificity of the uricase nodule isozyme and, to confirm observations made by nonserological techniques (12, 23) , that the nodule-specific uricase isozyme is localized in uninfected cells (2) .
The monoclonal antibodies against XDH characterized here are used for the rapid purification of XDH and to determine whether XDH is a nodule-specific protein and also to determine the antigenic relationship of soybean XDH to XDH from other plant species. (19) as described by Kolb et al. (16) . A crude extract was prepared from 100 g of soybean nodules as described previously (26) . Triton X-100 and NaCl were added to the crude extract to bring them to concentrations of 0.5% and 0.5 M, respectively. One-seventh of the extract was then passed over each 1 ml antibody column. The column was washed with 20 ml of 10 mm K-phosphate (pH 7.8) containing 1 mm DTE, 0.5% Triton X-100, and 0.05 M NaCl, followed by 20 ml of 10 mm Kphosphate (pH 7.8) containing 1 mM DTE. XDH was eluted from each column with 25 mM glycine (pH I 1) with 1 mM DTE. Eluted enzyme was concentrated to 1 ml and dialyzed for several hours against 4 L of 10 mm K-phosphate (pH 7.8), 1 mm DTE. PAGE analysis of the purity of the elements from each antibody affinity column was done using the discontinuous buffer system of Laemmli (17) body (at a concentration of 0.5 mg/ml) was incubated at room temperature for 3 h with 250 ng/ml of immunopurified XDH. The free antibody mixed with XDH was then added to the ELISA plates with bound antibody in each well and incubated for 8 h. Next a 1:2000 dilution of polyclonal rabbit anti-XDH serum was added to the wells. The remaining steps in the ELISA were performed as described by Weeden et al. (32) .
MATERIALS AND METHODS
Reduced color development in the wells showed that the free and bound antibodies recognize the same epitope on the enzyme (Table I) An indirect noncompetitive ELISA was used to determine organ-and species-specificity. The buffers, peroxidase conjugate, and peroxidase substrate used were prepared as described by Weeden et al. (32) . All incubations were done at room temperature. Rabbit polyclonal anti-XDH serum, prepared as described previously (26) , was diluted 1:1000 in 100 mM NaHCO3 (pH 9.6) and bound to polyvinyl microtiter plates. After 3 h, the plates were washed twice with PBS containing 0.02% NaN3 and 0.05% Tween-20. Crude extract samples of various dilutions were next placed in the wells for These seven hybridoma clones were also chosen for production of ascites after an initial screening for reactivity with XDH. The antigenic specificity of the seven monoclonal antibodies for reactivity with XDH was investigated by immunoaffinity purification of the enzyme from crude extracts. The purity of the sample was determined using PAGE (Fig. 1) . A single protein band was observed with silver stain (Fig. 1, lanes 1-7) . This band was identified as XDH by staining an identical gel for XDH activity (data not shown). The immunopurification of XDH to homogeneity using each of the seven antibody affinity columns demonstrates the specificity of each antibody to XDH.
The epitope topography of XDH recognized by the seven monoclonal antibodies was investigated using a competitive ELISA (Table I) . Competitive cross-blocking by monoclonal antibodies 1A4 and 2B4 suggests that the epitopes recognized by these two monoclonal antibodies are spatially related if not identical. The other five monoclonal antibodies showed no significant inhibition and these five define unique epitopes on the XDH protein (Table I) Immunopurifi'cation of XDH. The rapid, large scale purification of XDH to homogeneity was accomplished using an immunoaffinity column with the 2B5 antibody covalently linked to Sepharose 4B. The purification of XDH by this procedure is illustrated in a photograph of a polyacrylamide gel (Fig. 2) showing a sample of the crude extract (lane 8), the (NH4)2SO4 cut (lane 7), and various amounts of the purified enzyme (lanes 1-6). The major band in the purified sample stained positively for XDH activity (data not shown). The purification procedure resulted in the preparation of homogeneous protein with a 21% yield and a specific activity of 3.02 ,mol NADH produced-minmg-' protein (Table II) .
Organ Specificity of XDH. A noncompetitive, indirect ELISA was used to determine the organ specificity of XDH in soybean. Every organ of the soybean plant contained antigen(s) which cross-reacted with each ofthe seven monoclonal antibodies (Fig.  3, A-D) . These data indicate that XDH is not nodule-specific. The XDH specific activity in crude extracts of nodules, roots, stems, and leaves was also measured. show several dilutions of the immunopurified XDH sample. Lanes 7 and 8 show samples of the (NH4)2S04and crude extract samples, respectively. monoclonal antibodies, representing six different epitopes, bound to a crude leaf extract, no XDH activity could be observed in leaves. However, there is a positive correlation between the degree to which the antibodies bind to the crude extracts of the organs and the specific activities of those extracts. The lowest amount of cross-reactivity was observed with the leaf extract which also had no XDH activity.
Species-Specificity of Each Monoclonal Antibody. An indirect ELISA was used to determine the antigenic relationship of XDH isolated from various plant species including nodule extracts of soybean, wild soybean, cowpea, lima bean, pea, and lupin. Among the seven monoclonal antibodies, six different binding specificities were observed implying that these clones bind six different epitopes (Fig. 4, A-D bodies, 2B5, bound only to the crude extracts from the two Glycine species (Fig. 4A) . Antibody 2A2 also bound weakly to the cowpea extract but did not bind to the extracts of lima bean, pea or lupin (Fig. 4A) . Antibodies 2B4 and 1A4 share the same epitope (Table I) and also show the same binding preferences to extracts of the six legume species (Fig. 4B) . Each monoclonal antibody bound well to cowpea and lima bean with slightly tighter binding to cowpea than to lima bean. Antibodies 2B4 and 1A4 bind weakly to pea and lupin with slightly more binding to pea than lupin (Fig. 4B) . Antibody 2C1 bound strongly to lima bean and cowpea with higher binding to lima bean than to cowpea (Fig. 4C) . This antibody also bound weakly but to the extracts of pea and lupin (Fig. 4C) . Antibody 1A3 bound strongly to the lima bean extract but weakly to lupin and cowpea (Fig.  4C) . No binding to the pea extract was detected with the 1A3 antibody (Fig. 4C) . Antibody 2A4 bound weakly to extracts of cowpea, lima bean, pea, and lupin (Fig. 4D) .
DISCUSSION
Seven monoclonal antibodies against XDH have been produced. These seven antibodies are specific for XDH (Fig. 1) , are all in the IgGl subclass, and bind to six different epitopes ( Table  I ). The monoclonal antibodies have proved to be very useful in the rapid purification of XDH from soybean nodules (Fig. 2 , Table II ) and have been used to confirm previous results with polyclonal anti-XDH antibodies (26) that XDH is not a nodulespecific protein (Fig. 3, A-D) . Also, these antibodies differ with respect to their ability to bind to XDH from other legume species (Fig. 4, A-D) . One of the antibodies binds only to the soybean enzyme. A summary of the properties of the antibodies is listed in Table III. The rapid immunopurification of XDH from soybean nodules reported here is far superior to any previously published procedure (3, 26, 28) . Nearly 2 mg of homogeneous enzyme can be prepared from 200 g of nodules in 7 h (Table II, Fig. 2 ). Using an established purification procedure (26) , the purification of 2 mg of XDH would require 3 weeks ofeffort and 800 g ofnodules.
The epitope determination data are very useful in the immunopurification of XDH from nodules ofdifferent legume species. For example, since monoclonal antibody 2B5 binds only to the soybean enzyme, a 2B5 immunoaffinity column would be useless in the purification of XDH from cowpea or lima bean. Immunoaffinity columns with the monoclonal antibody 1A4, 2B4, or 2C1 covalently bound to Sepharose CL4B beads would be useful for the purification of XDH from soybean, cowpea, and lima bean since each of these clones bind XDH from these legumes.
Actively nitrogen-fixing soybean nodules produce allantoin and allantoic acid as the predominant forms of assimilated fixed nitrogen for export to other plant parts (21, 25) . As ureide synthesis by soybeans is a nodule-specific process and as one of the other enzymes of ureide synthesis has been shown to be nodule-specific (2, 21) , the possibility that XDH might be nodule-specific was investigated. The organ-specificity data (Fig. 3) confirms the results obtained with rabbit polyclonal anti-XDH (26) . Each of the six epitopes recognized by the monoclonal antibodies was present in crude extracts of nodules, roots, stems, and leaves (Fig. 3, A-D) . However, no XDH activity could be observed in leaves. This result is similar to that obtained by Christensen and Jochimsen (7) who found very low, but detectable, levels of XDH activity in soybean leaves. Both the ELISA used to detect XDH and the spectrophotometric XDH activity assay have similar limits of detection. Each assay can detect 5 ng of XDH protein. The absorbance values obtained by ELISA for 100 gg of crude leaf extract protein were higher than those obtained with 5 ng of purified XDH. One explanation for these data is that the enzyme is inactivated during our extraction procedure or it is inactivated in vivo by some regulatory process. This is now under investigation.
The number of epitopes which the monoclonal antibodies recognize was determined through the use of a competitive indirect ELISA. These experiments showed that the seven monoclonal antibodies chosen for further characterization bound to six different epitopes (Table I) . These data were confirmed by the species-specificity data (Fig. 4, A-D) which showed that the seven antibodies have six different species reactivity patterns to the crude extracts of six legume species. Two of the antibodies (1A4 and 2B4) which bound to the same epitope also had identical species reactivity to the nodule crude extracts (Table  III) . This illustrates that epitope determination can be done by standard competitive immunological assays or by testing the cross-reactivity of the monoclonal antibodies against homologous proteins from other species. In the experiments described crude extracts of soybean and wild soybean and not to cowpea, lima bean, pea, or lupin. Another monoclonal antibody, 2A2, binds strongly to crude extracts of the two soybean species and slightly to an extract from cowpea. Soybean, cowpea, and lima bean are all known to produce high amounts of ureides in the nodule for export to other plant parts (1) . Pea produces low amounts of ureides while lupin produces no detectable levels of allantoin or allantoic acid (1) .
